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INTRODUCTION 

Large  openings  in  several-aged 
lodgepole  pine  (Pinus  contorta  Dougl.) 
stands  on  flat  topography  in  the  pumice 
soil  region  of  south-central  Oregon 
are  often  hard  to  regenerate.     As  an 
example,  a  7.4-acre  clearcut,  made  in 
this  type  of  lodgepole  stand  in  1938 
on  the  Pringle  Falls  Experimental 
Forest,  has  not  regenerated  and  seed- 
ling establishment  in  the  opening  has 
been  restricted  to  a  narrow  area  adja- 
cent to  the  stand  edge.     Many  other 
such  cases  occur  within  approximately 
one-half  million  acres  of  lodgepole 
pine  growing  on  the  Deschutes,  Winema, 
and  Fremont  National  Forests. 

There  are  several  possible  reasons 
for  this  regeneration  problem.  Animal 
damage  to  seedlings  may  be  an  important 
factor.     Many  types  of  small  animals, 
especially  pocket  gophers  (Thomomys 
talpo-ides) ,  tend  to  congregate  and  feed 
in  these  openings. 

Seed  dispersal  can  be  inadequate. 
Lodgepole  pine  cones  in  this  region 
open  and  shed  their  seed  promptly  fol- 
lowing ripening,  and  there  are  adequate 
seed  crops  in  at  least  3  out  of  every  4 
years.     However,  the  number  of  seeds 
dispersed  into  clearcut  areas  falls 
off  rapidly  as  distance  from  the  stand 
edge  increases  and  reaches  a  very  low 
level  at  distances  beyond  3  chains.—' 


Heat  injury  and  drought  may  cause 
some  mortality.     Lodgepole  pine  seed- 
lings are  abundant  in  many  clearcuts 
on  undulating  or  slightly  sloping  to- 
pography.    In  these  situations,  cold 
air  has  less  tendency  to  accumulate 
at  night  than  it  does  on  flat  areas, 
which  suggests  that  low  rather  than 
high  temperatures  near  the  soil  surface 
hinder  lodgepole  pine  establishment  in 
pumice  soils. 

Frost  heaving,  also  a  problem  in 
parts  of  the  pumice  soil  region,  ap- 
pears to  cause  the  most  damage  in  areas 
where  amounts  and  patterns  of  snow 
accumulation  create  bare  areas  between 
drifts  in  the  early  spring. 

In  addition  to  the  foregoing  fac- 
tors, severe  night  frosts  during  ger- 
mination may  be  a  significant  cause  of 
lodgepole  pine  seedling  mortality. 
BerntsenA/  found  in  laboratory  experi- 
ments that  lodgepole  pine  seedlings 
were  killed  during  their  germination 
period  by  night  minimum  temperatures 
of  13°  F.   (-10.6°  C).     Field  obser- 
vations indicate  several-aged  lodge- 
pole stands  are  naturally  perpetuated 
by  regeneration  of  small  openings 
created  by  mortality  of  small  groups 
of  trees  or  single  old  trees.  The 
plentiful  natural  regeneration  in  these 
small,  partially  protected  openings 
and  the  lack  of  natural  regeneration 
at  distances  greater  than  about  1  chain 
(one  tree  height)  from  the  stand  edge 
in  several  large  clearcuts  further 
indicate  that  low  temperature  may  be 
a  cause  of  regeneration  problems. 

Low  night  temperatures  are  common 
during  the  growing  season  in  the  pum- 
ice soil  region  of  Oregon.  Near 
Chemult,  Oregon,  the  likelihood  of 
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frost  is  greater  than  50  percent  on 
any  summer  night.—/    At  least  four 
factors  contribute  to  this  high  fre- 
quency of  night  frost:     (1)  high  alti- 
tude,  (2)  preponderance  of  clear 
nights,   (3)  a  relatively  dry  airmass, 
and  (4)  the  unique  thermal  properties 
of  pumice  soils.     Pumice  soils  have 
much  lower  thermal  dif f usivities  and 
much  lower  thermal  contact  coefficients 
at  comparable  water  contents  than  other 
mineral  soils  of  greater  density,  so 
wide  surface  temperature  variations 
may  be  expected  .it/    Thermal  properties 
of  pumice  soils  closely  resemble  those 

of  peat  soils  on  which  frost  hazards 

S  / 

to  crops  have  long  been  recognized.—' 

Lodgepole  pine  stands  are  commonly 
harvested  by  the  strip  clearcut  method. 
If  low  temperatures  are  a  problem  in 
lodgepole  pine  regeneration,  it  is  im- 
portant to  know  how  width  of  the 
cutting  strip  affects  minimum  tempera- 
tures near  the  soil  surface. 


MATERIALS  AND  METHODS 

On  a  clear  night,  the  open  soil 
surface  radiates  more  energy  outward 
toward  the  sky  in  the  form  of  long- 
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wave  radiation  than  the  sky  radiates 
downward.     The  resulting  net  loss  of 
energy  causes  the  soil  surface  to  cool 
rapidly,  and  very  low  minimum  surface 
temperatures  become  possible.     The  net 
radiation  flux  for  any  particular  spot 
on  the  soil  surface  within  a  forest 
opening  during  a  clear,  windless  night 
is  determined  largely  by  the  relative 
amount  of  radiation  it  receives  from 
a  "cold"  sky  and  a  "warm"  tree  canopy. 
This  proportion  can  be  represented  by 
a  geometric  concept  called  the  view 
factor . 

The  view  factor  is  the  fraction 
of  radiation  leaving  a  surface  in  all 
directions  that  is  intercepted  by 
another  surf  ace. -6-/     Of  concern  here 
is  the  view  factor  of  a  spot  on  a 
horizontal  surface  relative  to  the 
open  sky.     The  greater  the  view  factor 
for  a  particular  spot,  the  more  closely 
the  net  radiation  flux  of  that  spot 
will  resemble  the  net  radiation  flux 
of  a  similar  surface  in  a  completely 
open  area  under  the  same  meteorological 
conditions . 

View  factors  were  calculated  for 
circular  openings  of  various  widths 
and  for  rectangular  openings  of  various 
lengths  and  widths.     View  factors  were 
also  calculated  for  spots  at  various 
distances  from  the  stand  edge  for  very 
large  clearcuts  where  the  spots  were 
influenced  by  only  one  stand  edge. 
The  equations  used  in  these  calcula- 
tions and  their  derivations  are  given 
in  the  Appendix. 

Minimum  temperatures  at  2.5  inches 
above  the  soil  surface  were  determined 
at  various  distances  from  the  edge  of 
a  clearcut  in  a  several-aged  lodgepole 
pine  stand  growing  on  flat  topography 
on  a  Lapine  pumice  soil.     Stand  height 
is  approximately  62  feet.     The  dimen- 
sions of  the  rectangular  clearcut  are 
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4.5  by  17.4  chains,  with  the  long  axis 
of  the  opening  oriented  in  a  north- 
south  direction.     The  cut  was  made  in 
1938  and  the  soil  surface  in  the  open- 
ing is  sparsely  covered  with  grass; 
stumps,  logs,  and  logging  debris  have 
largely  disappeared.     Temperatures  were 
measured  at  the  stand  edge,  50  feet 
into  the  stand,  and  50,  75,  and  120 
feet  from  the  east  edge  of  the  stand 
in  the  opening.     The  measurement  points 
were  located  on  a  transect  perpendicu- 
lar to  the  long  axis  of  the  opening. 


before  sunrise  for  the  days  temperatures 
were  recorded  at  the  clearcut . 

RESULTS  AND  DISCUSSION 

View  factors  for  circular  openings 
are  less  than  for  strips  of  the  same 
width  (fig.  1).     Thus,  circular  openings 
offer  more  protection  against  low  soil- 
surface  temperatures  than  long  strips 


Measurements  were  recorded  with 
a  data-logging  system  described  else- 
where.—/   Thermistors  were  used  as 
temperature  sensors.     Each  thermistor 
was  encased  in  a  piece  of  polyvinyl 
chloride  tubing  which  had  been  pre- 
viously stretched  in  methyl-ethyl- 
ketone.    After  the  tubing  had  shrunk 
around  the  thermistor,  the  assembly 
was  dipped  in  epoxy  resin  to  make  a 
waterproof  seal.     The  thermistor  cover- 
ing was  then  sprayed  with  white  paint. 
The  thermistors  plus  covering  were 
approximately  1  cm.  long  and  0.25  cm. 
in  diameter  and  had  a  resistance  of 
3,000  ohms  at  25°  C.  with  a  tolerance 
of  ±  1  percent.     The  thermistors  were 
held  at  2.5  inches  above  the  soil  sur- 
face by  lead  wires  taped  to  the  ends 
of  L-shaped  wires  inserted  into  the 
ground . 

Records  were  taken  every  2  hours 
for  periods  of  1  to  2  days  at  approxi- 
mately weekly  intervals  from  May  30  to 
September  26,  1968.     Recorders  were 
started  so  that  thermistor  inputs  were 
sensed  just  before  sunrise  to  obtain 
minimum  temperatures  for  the  day. 
Hygro thermograph  readings  taken  2  miles 
from  the  study  area  indicated  that 
minimum  temperatures  did  occur  just 
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Figure  1.— View  factor  for  the  center  of  a  rectangular 
and  a  circular  forest  opening  as  a  function  of 
opening  width  divided  by  stand  height. 
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of  the  same  width.     On  cold,  clear, 
windless  nights,  when  the  sky  has  a 
lower  effective  temperature  than  the 
tree  canopy,  surface  temperatures  in 
strips  will  become  lower  than  in  cir- 
cular openings  of  the  same  width. 
The  soil  surface  in  the  center  of  the 
strip  receives  more  radiation  from 
the  "cold"  sky  and  less  radiation 
from  the  "warm"  tree  canopy  than  does 
the  center  surface  of  the  circular 
opening . 

The  view  factor  for  the  center  of 
a  long  strip^-/ — which  is  4.5  times  as 
wide  as  the  stand  height — is  0.9,  in- 
dicating that  the  strip  center  is 
practically  in  the  open.     The  view 
factor  for  the  center  of  the  circular 
opening  does  not  reach  0.9  until  the 
opening  has  a  diameter  6  times  the 
stand  height.     The  low  view  factors 
for  circular  openings  may  explain  why 
small,  natural,  circular  openings  in 
lodgepole  pine  stands  usually  have 
abundant  natural  regeneration,  even 
when  the  stands  are  several  aged  on 
flat  or  depressional  topography. 

Circular  clearcuts  are  not  prac- 
tical in  lodgepole  pine  management 
because  small,  irregularly  shaped 
patches  of  timber  would  be  created. 
These  patches  would  eventually  have 
to  be  logged  and  this  operation  would 
be  inefficient.     Therefore,  strip  or 
block  clearcuts  are  employed.  For 
large  clearcuts,  the  protective  in- 
fluence of  the  stand  edge  tapers  off 
rapidly  with  distance  into  the  opening 
For  example,  at  a  distance  outward 
from  the  stand  edge  equal  to  stand 
height,  the  view  factor  is  above  0.7 
(fig.  2).     At  a  distance  outward  equal 


SA  long  strip  here  is  used  to  indicate  any  strip 
with  a  length  greater  than  8  times  the  height  of  the 
stand.  For  strips  of  any  given  width,  the  view  factor 
for  the  strip  center  is  not  appreciably  increased  by 
increasing  strip  length  beyond  8  times  stand  height. 


1  2  3  4  5 

DISTANCE  FROM  STAND  EDGE  /  STAND  HEIGHT 

Figure  2.— View  factor  for  spots  on  the  soil  surface  in 
a  very  large  rectangular  opening  as  a  function  of 
distance  from  the  stand  edge  divided  by  stand 
height. 


to  3  times  the  stand  height,  the  view 
factor  is  above  0.9.     The  minimum  tem- 
perature averages  also  indicate  that 
minimum  temperatures  decrease  rapidly 
over  a  short  distance  outward  from  the 
stand  edge  (fig.  3).     The  data  in 
figure  3  were  taken  after  the  germina- 
tion period.     During  the  germination 
period,  the  same  pattern  but  lower 
temperatures  may  be  expected.  This 
minimum  temperature  pattern  provides 
a  possible  explanation  for  the  confine- 
ment of  natural  regeneration  in  some 
large  clearcuts  to  outward  distances 
approximately  equal  to  stand  height. 
Seed  dispersal  is  adequate  to  greater 
distances,—^  so  the  absence  of  seedlings 
between  1  and  3  chains  from  the  stand 
edge  is  not  due  to  lack  of  seed. 

Long  clearcuts,  wider  than  4  to 
6  times  stand  height,  create  essentially 


9 See  footnote  1. 
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dictate  that  cutting  strips  in  these 

problem  areas  must  be  wider  than  two 

tree  heights,  the  center  of  the  strip 
should  be  planted. 


Figure  3.— Average  minimum  air  temperatures  at  2.5 
inches  above  the  soil  surface  for  18  days  in  a 
period  starting  May  30  and  ending  August  30, 
1968.  The  dashed  line  is  a  freehand  curve. 

open  areas  toward  the  center  of  the 
strip.     The  moderating  effect  of  the 
stand  on  minimum  temperatures  is  in- 
sufficient to  provide  protection  clear 
across  the  strip.     Although  the  amount 
of  protection  necessary  for  lodgepole 
pine  regeneration  is  not  known,  obser- 
vations indicate  a  view  factor  of  0.7 
or  greater  may  result  in  minimum  tem- 
peratures which  are  too  low  for  newly 
germinated  tree  seedlings  in  problem 
areas.    A  problem  area  is  regarded 
here  as  a  several-aged  lodgepole  pine 
stand  occurring  on  flat  or  depressional 
pumice-mantled  topography.     If  this 
assumption  is  correct,  prompt  natural 
regeneration  cannot  be  expected  beyond 
a  distance  equivalent  to  tree  height 
from  the  timbered  edge  in  certain 
problem  areas  when  widths  of  long  strip 
clearcuts  exceed  three  tree  heights. 

If  natural  regeneration  is  to  be 
obtained  in  these  problem  areas,  strip 
clearcuts  should  not  be  wider  than 
twice  the  height  of  the  stand.  When 
other  factors  such  as  mistletoe  control 
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Figure  4.— Diagram  used  in  the  derivation  of  view  factors  for  circular  and  rectangular  forest  open- 
ings. Area  enclosed  by  dashed  line  represents  that  portion  of  the  hemisphere  open  to  the 
sky  for  a  rectangular  opening. 


6 


APPENDIX 


Derivation  of  the  view  factor  for  a  rectangular  forest  opening  was  accom- 
plished by  modification  of  and  addition  to  the  derivation  of  the  view  factor  for 
a  circular  opening,  presented  by  Reifsnyder  and  Lull  (see  footnote  6). 

Consider  an  opening  in  tne  forest  of  width  (w)  and  length  (L)  surrounded  by 
trees  of  height  Qi)   (fig.  4).     The  sky  above  a  small  area,  dA\i  in  the  center  of 
the  opening  subtends  a  solid  angle  corresponding  to  arc  tan  (w/2h) .    A  ray  from 
dAj_  to  the  partial  hemisphere  of  sky  makes  an  angle,  B^,  with  the  normal  to  dA-^ 
This  ray  meets  the  hemisphere  at  90°  angle.     Therefore,  I?2,  tne  angle  between  the 
ray  and  the  normal  to  the  hemisphere  at  the  point  of  intersection  is  0°.  The 
amount  of  radiation,  dW,  leaving  dA±  in  the  direction  B±  and  intercepted  by  the 
surrounding  hemisphere,  is  (see  footnote  6) : 

I^dA-icos  BjdA2cos  B2 

dWl-+2  (sky)  2   (1) 

r 

Jj_  is  the  radiant  flux  density  at  dA-^  and  r  =  w/2.     The  differential  ring  or 
ring  segment,  dA2>  is  (see  figure  4) 

dA2  =  N  RvdB 

where  N  varies  from  2tt  to  4  arc  tan  (w/L)  .     Since  cos  B2  =  1,  and  R/r  =  sin 
equation    1  becomes 

dW^  (sky)  "  #-Z"i^isin  5xcos  B-^dB  (2) 

For  that  portion  of  the  hemisphere  above  the  lower  boundary  of  dA2  as  drawn 
in  the  figure,  N  =  2tt  and        varies  from  B±  =  0  to  arc  tan  (w/2h).  Integrating 
over  this  interval , 

^1^9  (  v  ^  =  2tt  IndAn  arc  tan  (w/2h) 

l->2  (sky)  1    1     ys.n  5iCos  H  dB  (3) 

O 


=  it  I1dA1  sin    [arc  tan  (w/2/z)J  (4) 

For  that  portion  of  the  hemisphere  below  the  lower  boundary  of  dA2  as  drawn 
in  figure  1A,  N=2  9  where  0  is  the  angle  between  lines  of  sight  from  the  center 
of  dA]_  to  the  base  of  two  trees  directly  opposite  one  another  along  the  sides  of 
the  strip.    Also,  in  this  same  portion  of  the  hemisphere,  B±  is  tatcen  to  vary  from 
arc  tan  (w/2h)  to  arc  tan  (L/2h).    B±  actually  becomes  slightly  larger  than  arc 
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tan  (L/2h)  for  the  line  of  sight  which  extends  from  the  center  of  dAj_  to  the  tree 
top  at  the  corner  of  the  rectangular  opening.     Since  the  interest  here  is  in 
strips  where  L  is  several  times  W,  the  slight  error  introduced  by  use  of  arc  tan 
(L/2/2)  as  the  upper  limit  of        is  disregarded.     9  varies  with        in  the  following 
manner : 

t  =  h  tan  , 

sin  6  =  W  , 


2       2h  tan  B1 

and 

6=2  arc  sin 


(  O 

\  2h  tan  B  / 


Thus, 

N  =  28  =  4  arc  sin 


\  2h  tan  B^J 


Substitution  of  this  value  for  N  into  equation  2  and  integrating  over  the 
interval  B^_  =  arc  tan  (w/2h)  to  arc  tan  (L/2h)  yields 


sB  SB  (5) 


/arc  tan  (L/2h) 
c  sin  (  u        j  sin  B  co 

\  27z  tan  S1/ 
arc  tan  (w/2h) 

For  the  entire  hemisphere  over  <£4-j_, 

tt/2 

^l->2^total)  =  2tt  j1^1    /sin  Bl  c°sBl  ^B  (6) 

O 

=  tt  i-!^!  [sin  2  SjJ'2 

=  tt  I1dA1  (7) 

The  view  factor,  F]__2  of  the  sky  relative  to  the  spot  dA]_,  is  defined  as  that 
portion  of  the  total  radiation  leaving  the  spot  that  is  directed  toward  the  sky, 

F      =  ^1+2  (sky)  (8) 
1-2    ^1-2  (total) 
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[arc  tan  (w/2h)~j 


TT  IjdA^ 


1CUi1 


+ 


arc  tan  (w/2h) 


(9) 


arc  tan  (L/2h) 


=  sin 


arc  tan 


2h 


+ 


arc  sin 


,  sin  B. cosB.dB  (10) 
2/ztan5~/  1  1 


arc  tan 


w 
2h 


The  first  term  on  the  right-hand  side  of  equation  10  is  the  view  factor  for 
a  circular  opening  of  width  or  diameter  W  (Reifsnyder  and  Lull,  see  footnote  6). 
Equation  10  was  evaluated  with  a  digital  computer  for  various  widths  and  lengths 
expressed  in  multiples  of  tree  height  h. 

View  factors  were  also  calculated  for  spots  at  various  distances  from  the 
stand  edge  for  very  large  clearcuts  where  the  spots  are  influenced  by  only  one 
stand  edge.     In  this  case,  N  in  equation  2  varies  from  2  tt  to  9^  where  6^-  equals 
2  C_JL_)    +  71  •     #1  varies  from  0  to     71     to  arc  tan  (w/2h)  and  _JL_  can  be  expressed 


\  2  / 

by  arc  sin 


Thus  , 


N  = 


,1  - 


=  2 


arc  sin 


w 


2h  tan  B 


) 


+  TT 


where  w  equals  twice  the  distance  from  the  stand  edge  and  is  expressed  as  a  frac- 
tion or  a  multiple  of  tree  height.  Equation  11  was  also  evaluated  with  a  digital 
computer . 


9 


CO 

cu 

3 

Cu 

00 

l-l 

cd 

c 

3 

P-l 

3 

4-1 

P4 

td 

i-i 

CO 

c3 

<D 

cu 

cu  Pi 

4-) 

6 

CO 

3 

CU 

4-1 

B 

erv 

For 

CO 

im 

4-1 

4-1 

CO 

c 

CO 

cu 

•H 

CD 

& 

• 

B 

S-4 

XI 

O 

4-1 

o 

CO 

PU 

U 

00 

4J 

o 

cu 

o 

u 

cu 

<j 

o 

<4H 

o 

14-1 

Q 

•H 

3 

u-i 

XI 

CO 

•H 

3 

cu 

O 

cd 

N 

:=> 

CO 

iH 

•H 

PL, 

4-1 

CO 

Sj 

4-  1  CU 

3  CJ 

U  3 

5-  J  14-4 


O 

PL, 


CJ 


a  co 
cu 


ON 


3  iH 
C  O 
•H  CO 

a 

cu 

CU  X  • 
rH  4-1  NO 
O  00 

cu  u  i 

a)  (0  S 

00  cu  s  X 

XI  3  P-,  W 

o 
rJ 


ON 

vO 

3 

ON 

i-i 

l-l 

X! 

CJ 

O 

U 

co 

cu 

cu 

Cu 

00 

l-l 

cd 

3 

3 

PU 

cd 

4-1 

Pi 

3 

i-i 

CO 

cu 

cu 

a-  oi 

4-1 

S 

CO 

cu 

cu 

4-1 

rv 

or 

S 

CU 

&4 

3 

00 

B 

4-1 

•H 

4-1 

co 

3 

CO 

cu 

•H 

CU 

3 

e 

1-4 

.3 

3 

o 

4-1 

o 

co 

fx. 

l-l 

00 

4-1 

o 

CU 

CJ 

25 

l-l 

CU 

< 

o 

14-1 

u 

14-4 

Q 

•H 

<d 

13 

CO 

•H 

3 

3 

o 

cd 

N 

cd 

■H 

•H 

4J 

CO 

or 

4J 

cu 

CU 

3 

a 

co 

CJ 

cd 

3 

I-i 

UH 

t-l 

3" 

ed 

u 

iH 

0 

3 

3 

•H 

•H 

iH 

CO 

4-1 

CJ 

rH 

ta 

CU 

•H 

a-  co 

3 

o 

3. 

■H 

co 

4-1 

a 

cu 

ON 

en 

cu 

X! 

6 

i-i 

4-1 

vO 

1-1 

o 

oo 

y> 

Cu 

u 

1 

cu 

CU 

cd 

cu 

oo 

cu 

25 

XJ 

c 

PL, 

o 

rJ 


on 

s 

vO 

td 

On 

H 

X! 

CJ 

O 

CJ 

<U  3 

H  O 

O  -H 

a  &c 
a  cu 
00  u 

X) 

o  h 

H  -H 

O 

"4-1  CO 


l-l  l-l 

3  O 
CJ  U-l 
CJ 

O 

CO 


■H  3 

r-l  O 

X  00 
Cd  0) 
4->  l-l 

CO  O 
QJ 

0)  x 

x  -u 

4-1 

3 

iH  -H 

CU  .3 

XI  4-1 
3  -H 

•H  3 
rS 

CO 
3 

cd  cu 

e  i-i 


cd 
u 
cu 
& 
6  3 
3  tH 


X)  -4 
3  O 

cd  4-1 

a 

-a  ca 

cu  U-l 

00 

co  3 

CU 

r-l  tH 
CO  > 
I-i  ^ 

cu 

>  CO 

3  cu 
co  1-1 

3 

cu  co 
1-1  o 

3  Cu 
X 

co  cu 

CO 

cu  >> 
l-l 

CO  CO 

S 

cu  • 

r-l  >N 

x  ,3 
o  cu 
i-i  3 
3-  1-1 
00 
cu  o 
co  cu 
cu  o 

x  4-1 


co 
3 
o 

•H 

1-4  U-l 

3  I — I 

> 

4-1  • 

3  OO 


I 

l-l  4J 

3  .3 

CU  OO 

r-l  -H 


-a 

CU 
3 
•H 

B 

M 

CU 
4J 
CU 
X) 


CO 

4-1  00 

X  3 
00  -H 

•H  rH 

3  -a 

cu 


3 
o 

rJ 


3  3 
•H  3 

O 

CO  -H 
XJ  CO 

3  co 
3  3 

4-1  l-J 

co  Cu 
cu 

cu  xj 

rH 

o  l-i 

ex  o 
qj 

00  4-J 

-3  3 
O  rH 
kJ  UH 


CU 

o 

3  3 

4-1  OO 

U  U 

3  3 


rH  rfl 
•H 

O  l-i 
CO  O 
UH 

CU 

-3  CU 
4J  OO 
XI 

cu  ai 
> 

O  XI 
X  3 
3  3 
4-> 
•  CO 
3 

•H  3 
X! 
lO  4-1 

CN  g 
O 

4-1  l-l 

3  U-i 

co  co 

CU  3 


O  3 
& 

•H  CU 

l-i  X 

4-1  4-1 
CO 

CU 

«  CJ 

4-1  -H 

3  3 

CU  4-1 

B 

X  3 

co  3 

•h  x 

rH  4J 

X 

3  l-i 

4-1  CU 

CO  XI 

3  -H 

OO 

3  QJ 

•H  X! 

rH 

X)  4-1 

<u  o 

3  3 
CO 


b 

cu 
—I 
XI 
o 
l-l 

Cu 

cu 
co 
a) 
x 


3  • 

•H  CO 
l-l 

CO  CU 

a,  4-1 
■h  c 


3 

CJ 

a 

•H 

S-4 
4J 

co 


cu  x 

4-1  4J 

3 


3 


4-1  CO 
CO  4-1 
l-l  CO 
3  -H 
&.  X) 


•H  3 

e  o 

•H  X 

rH  CO 
O  CO 

X3  3 
3 

CO  u 
0)  CO 

l-l 

3  6 

4J  CU 

ffl  rH 

l-i  X 
3  O 

CX  l-i 

s  a, 

3 

4-1  CU 

X 

4J  4-1 

X 

OO  3 

•H  -H 
3 

CO 

3  4-1 

O  3 

rH  CJ 


o 

•H 

XI 

cx 

CO 

1-1  o 

o  4-1 

4-1 

CJ  3 

3  X) 

UH  CO 

B 

l-l 

CU  3 

X!  X 

4-1 

o  xi 

rH 

u-i  3 

rH  O 


CO 

X)  CO 

3  3 
3  3 


O 
(X 
3 
00 

x) 

O  rH 
rH  -rH  X) 


3 

3 

s 

X 
co 
•H 

rH 

X 
3 
4-> 

CO 
3 

3 
X 

4J 

l-l 

3 
X) 

3 

•rH 

X 
3 

B 

CD 
3 
V4 
3 
4-1 

3 
I-i 
3 
3- 
B 
3 


3 


CO 
3 
O 
•H 

l-l  U-l 
CO  rH 
> 


3  00 
3 


B 

I  3 

l-l     -U  rH 

3  X  Xi 
3  00  O 
1— I  'H  l-l 

o  3  a, 

X 


a. 


3 


XJ 

3  UH 
OO  X) 

3  S  3 
3  3 
rH  -H 
3  >  • 
l-i  ^  XI 
3  <U 

>     CO  4-1 

CU  CU  3 
CO  l-i  1 — I 
3  3 
CU  CO  CJ 
l-i  O  rH 
3    O.  3 

x  a 

CO  3 

3  3 

3  >^  U 

U  3 

3  co  3 

B  o> 
3    •  00 

rH      ?S  C 

X  X  iH 
O  CU  3 
Ij    co  CU 

a.  i-i  a, 

00  o 
3  o 

co  a.  1-4 

cu  o  3 


e  -h 


rH    3  CO 


i-i  X 


3 
O 

3  3 

UH  OO 

P  I-i 

3  3 

CO  r— I 


3  3 

CU  4-1 

i 

X  3 

CO  3 

•H  X 

rH  J-i 
X 

3  l-i  U 

4-1  cu  cu 

co  x)  xi 

CU  -H  -H 

3  3 

00 
3 


co 


CU  3 
X  4-1 
3 


XI 


4-1 
X 

00 

•H 
3 

3 
o 


3  3  3 
H    C  3 

O  4-1 

CO  -H  CJ 

XI     CO  CU 

3  CO  l-i 
3  3 

4-1     l-l  XI 

co  cu  3 
3  3 

cu  xi 

l-l 

3 


O  l-i 

CU  o 
cu 

00  4-1 

XJ  CO 

O  rH 
r4  Uw 


3 

X  3 

4-1  00 
X) 

01  3 

> 

o  xi 

X  3 
3  3 
4-1 

•  co 
3 

■H  CU 
X 
in  4-1 

CM  g 

o 

4-1  l-l 
3  UH 

CO  CO 

CU  3 


•H  3 
B  O 
tH  X 


co 
u 
o 

4-1 

co  cj 
3 

O  CO  UH 
XI  3 

3  IH 

co  -4  cu 

3  3  X 
U  4-1 

3 

4-1  CU 
3    rH  U-l 

l-l  Xi  M 
CU  O 
Cu  l-i 

6  cu  • 

X) 

3 
3 


CO 

l-l 

3 
4-1 

3 
3 

CJ 

Cu 
iH 
I-i 
4-1 

co 


Cu 

o 


6  o  xi 


3 
X 


co  4-1 
l-i  CO 
CU  »H 

cu  xj 


X 

OO  3 

•H  -H 


CO  Cu 

CU  *■ 

X  CO 

4-1  CO 

cu 

UH  1-4 

O  3 


co 

• 

3 

3 

Cu 

00 

l-i 

3 

3 

3 

3 

4-1 

Pi 

3 

• 

I-i 

CO 

<*} 

3 

3 

Cu 

Pi 

4J 

B 

CO 

3 

• 

3 

4-1 

> 

U 

l-l 

O 

s 

3 

CX4 

3 

00 

£ 

4-1 

•H 

4-1 

CO 

3 

CO 

3 

•H 

3 

3 

• 

s 

U 

X 

3 

O 

4J 

O 

CO 

V-l 

00 

4J 

O 

3 

0 

• 

13 

JH 

3 

<J 

O 

UH 

U 

UH 

O 

•H 

3 

UH 

XJ 

00 

•H 

3 

3 

• 

3 

3 

N 

J3 

3 

rH 

•H 

Pu 

4J 

CO 

IH 

• 

O 

4J 

3 

« 

z- 

3 

CJ 

CO 

a 

3 

3 

S-i 

c>— 1 

rH 

3 

3 

l-l 

H 

O 

3 

3 

•H 

•H 

H 

CO 

4J 

u 

3 

rH 

4J 

3 

•H 

a.  w 

3 

O 

CU 

•rl 

CO 

4-1 

Cu 

ON 

-- 

3 

3 

3 

X! 

S 

rH 

4-1 

VO 

•H 

O 

00 

|H 

Cu 

IH 

1 

3 

3 

3 

Cu 

00 

3 

X 

XJ 

C 

PM 

w 

o 

Cu 
3 
00 
XI 

o 


3 

o 

IH  IH 
3  O 

O  UH 

3 
O 

co 

XI  IH 

3  O 

CO  4-1 

a 

XJ  3 
3  u-i 
00 

3  3 
3 

rH  -H 

3  > 
l-i  • 
0) 


co 
3 
o 

•H 

l-i  u-i 

td  H 
> 


I 

l-l  4-1 

3  X 

3  OO 

rH  H 


>    CO  4-1 

3  3  3 
CO 


3  00 
3 

x) 

3 
3 
•H 

s 

1-4 

3 

4-1 

3 
XI 

3 
l-i 


IH 

3 

0)  CO 


l-l 
3 

XI 

a 

•rl 
X 

3 
B 

co 
3 

t-4 

3 

4-i 

3 
i-i 
3 
Cu 
S 

3 


IH  O 

3  Cu 
X 

CO  3 
3 

3 

U  ^ 

3  CO 

S 

3  • 

rH  >•• 


4-1  X 

IH  4J 

3 


XI 

o  & 

l-i  3 

Cu  S-i 
00 

CU  O 

CO  CU 

3  O 


3  vD 
CO  ON 

l-l  rH 

X 

0 
o 

U 


4-1 

"ob 
•H 
3 

3 
o 
1-4 


3  3 

4J  l-l 

CO  Cu 
3 

3  X) 
1 — i 

o  u 

Cu  O 
3 

00  4J 
XJ  3 
O  rH 

rJ  UH 


c 

3 
CU 
O 

3 
H 
3 
00 
3 
3 
0)  4J 
3  CJ 
0) 

3  JH 
O 

3  Oi 
u-i  00 
l-i  S-i 
3  3 

CO  rH 

iH  3 
•H 

O  S-I 

CO  O 


3  3 
X! 

Cu 

•H  CU 
S-i  X 

4-1  4-1 

CO 

QJ 
•>  3 
4-1  -H 

3  3 

3  4-1 

I  3 
CO  '3 
•H  X 
rH  4-1 


S 
3 

rH 

Xi 

o 

M 
CU 

3 
CO 
3 
X 


3  • 

•H  CO 
S-i 

CO  3 

Cu  4-i 

•H  3 

S-i  3 

4-1  O 


CO  XJ 


3 


•H 

3 
00 

3  CU 
H  X 


3 

3  X 


UH 

3 

X  QJ 
4J  OO 
XI 
3  3 
> 

O  XJ 
X  3 
3  3 
4-1 
•  CO 
3 

•H  QJ 
XI 

m  4-j 

CN 


•h  x: 

H  CO 


B 
o 

S-4 

3  U-i 


co  co 

3  3 

l-l  CJ 

3  3 


cj  a  x)  rH 


o  co 

X)  3 
3 

CO  1-4 

3  3 
S-i 

3  B 

4J  01 
3  H 

I-i  X 
QJ  O 
Cu  S-i 
B  Cu 
3 

4J  CU 

X 

4-1  4-1 

x: 

00  3 

•H  -h 
3 

CO 

3  w 
O  3 

o 


a  3 

3  XI 

U-l  (| 

Sh 

3  3 

x;  x 

4J 

o  x) 

I — I 


3  3 


co 

3 

3 

B 

CO 

3 

3 

3 

O 

O 

1 

3 

QJ 

Cu 

OO 

rH 

O 

1 

•H 

S-4 

4-1 

iH 

Sh 

3 

3 

O 

•H 

u 

U 

B 

r-l 

UH 

3 

X 

rO 

3 

PU 

3 

CU 

00 

3 

O 

3 

3 

M 

3 

00 

O 

4-1 

PES 

QJ 

3 

CJ 

UH 

4-1 

> 

rH 

•H 

U 

3 

OO 

|H 

CJ 

3 

3 

Cu 

1~ 

CO 

i3 

XI 

O 

B 

4-1 

X! 

3 

3 

O 

■H 

co 

3 

3 

00 

Cu 

3 

Cu 

Pi 

4-1 

H 

•H 

XJ 

S-i 

B 

3 

•H 

3 

CO 

S 

CO 

O 

3 

0 

•H 

XI 

•H 

S-i 

X 

3 

3 

3 

UH 

CO 

3 

4-1 

3 

0) 

3 

U 

4-1 

rS 

4-1 

rv 

or 

0 

3 

XI 

ac 

•H 

B 

= 

pe 

CO 

3 

4-1 

B 

3 

O 

QJ 

UH 

B 

0 

3 

3 

■=■ 

CO 

3 

XJ 

Sh 

-J 

•rl 

•H 

CO 

E 

4J 

3 

*B 

3 

3 

3 

3 

M 

3 

3 

1-4 

•rj 

4-1 

co 

3 

3 

3 

4-1 

3 

3 

4-i 

co 

3 

CO 

3 

rl 

cu 

rH 

•H 

3 

rH 

B 

Cu 

4-1 

•H 

3 

3 

CO 

3 

^> 

XI 

3 

3 

•H 

3 

B 

S-i 

x: 

3 

■H 

3 

Sh 

X) 

00 

"co 

3 

S-I 

3 

O 

4-1 

O 

rH 

O 

3 

3 

3 

3 

•H 

rC 

4-1 

O 

co 

u 

00 

X 

00 

> 

CO 

4-1 

r4 

3 

rH 

4-1 

CO 

4-1 

0 

3 

3 

3 

3 

3 

3 

tu 

4-i 

X 

Cu 

O 

S-i 

4J 

U 

CO 

S-4 

rH 

3 

O 

3 

S-4 

Jh 

-H 

3 

< 

O 

CO 

O 

3 

3 

3 

4-J 

3 

3 

S-i 

UH 

0 

3 

3 

CO 

O 

3 

In 

CO 

id 

XJ 

4-1 

UH 

a 

•H 

QJ 

U 

0 

rH 

O 

3 

•H 

CO 

3 

UH 

XJ 

3 

X 

3 

cu 

3 

3 

3 

3 

& 

CO 

•H 

3 

X 

4-1 

X 

U 

UH 

OO 

OO 

3 

3 

a 

3 

4-1 

CO 

3 

u 

Sh 

3 

3 

3 

X! 

N 

CD 

3 

rH 

3 

3 

3 

3 

3 

•H 

rO 

4-i 

4-1 

•H 

PL, 

4-1 

1-4 

•H 

3 

>N 

r-l 

CO 

iH 

rH 

3 

CO 

l-l 

QJ 

S-i 

3 

X) 

4-1 

4J 

4-1 

O 

XI 

4-1 

3 

C/) 

3 

rH 

3 

3 

0 

O 

3 

4-1 

3 

3 

- 

•rl 

3 

3 

•H 

3 

3 

CJ 

0} 

•H 

3 

B 

CO 

O 

U 

CO 

X) 

rH 

CJ 

3 

3 

X 

3 

00 

CO 

O 

X) 

Cu 

S-i 

u- 

rH 

c 

CO 

r-l 

= 

UH 

4-i 

iH 

CO 

3 

l-i 

iH 

0 

>•> 

3 

rO 

r3 

•iH 

3 

•H 

3 

S-i 

O 

3 

3 

•H 

•H 

3 

3 

O 

cu 

3 

rl 

3 

B 

O 

O 

4-1 

rH 

CO 

4-J 

B 

Sh 

u 

3 

Qj 

4-1 

00 

•rl 

X 

4-1 

O 

3 

3 

Cu 

S-i 

CU 

XJ 

rH 

co 

CJ 

3 

rH 

4-1 

CO 

SO 

O 

3 

3 

3 

-J 

3 

•rH 

CU  w 

3 

3 

3 

0 

> 

O 

CO 

UH 

3 

3 

O 

Cu 

u 

CO 

CU 

u 

O 

XJ 

XJ 

3 

B 

•H 

CO 

ON 

4-1 

3 

3 

3 

0 

3 

rQ 

C 

3 

rJ 

Cu 

c 

4-1 

4-1 

rS 

4-1 

rH 

-: 

3 

co 

u 

3 

3 

3 

3 

3 

S-4 

4J 

3 

4-1 

3 

3 

XI 

X 

3 

x; 

s 

U 

3 

iH 

00 

co 

S-i 

4-1 

H 

4-1 

VO 

-H 

<D 

O 

3 

3 

3 

d 

3 

B 

O 

XI 

O 

CO 

l-l 

CU 

•H 

c 

3 

•H 

3 

4-J 

3 

iH 

Cu 

S-I 

1 

3 

B 

3 

0 

4-1 

X 

3 

rH 

U-l 

3 

0) 

3 

Cu 

3 

•H 

CO 

•H 

O 

m 

4-1 

S-i 

X 

IH 

O 

00 

a; 

- 

X 

4-1 

X) 

CO 

3 

3 

0 

rS 

X) 

3 

PL, 

w 

CO 

3 

CO 

V4 

CM 

g 

Cu 

1-4 

3 

0 

4J 

DO 

3 

3 

O 

£ 

Cu 

hJ 

r; 

C 

4-1 

U 

XI 

4-1 

u 

3 

~ 

CO 

00 

•H 

co 

CU 

3 

3 

U-l 

4-i 

3 

c 

3 

PL, 

•H 

rH 

3 

3 

X 

3 

3 

3 

XJ 

3 

XJ 

CO 

CO 

4-1 

4-1 

4-1 

rH 

ON 

CU 

iH 

S-4 

3 

3 

X 

CO 

Cu 

cT 

NO 

3 

3 

O 

U 

3 

S-I 

O 

00 

c 

3 

ON 

O 

'0 

CU 

O 

■H 

3 

3 

•H 

•H 

3 

S-i 

■H 

r-J 

3 

3 

4J 

cd 

3 

X 

CO 

X! 

u 

0£ 

4-1 

O 

3 

4H 

CO 

4-1 

3 

O 

3 

XI 

3 

S-i 

CO 

4-1 

3 

O 

O 

H 

•H 

3 

•H 

5 

3 

<4H 

S-i 

O 

CU  rJ 

UH 

CJ 

CU 

XI 

tH 

O 

O 

3 

I 


t 

I 
I 

( 

( 

I 
I 

( 


t 


I 

I 
I 
I 
I 


I 
I 


Headquarters  for  the  PACIFIC  NORTHWEST  FOREST  AND 
RANGE  EXPERIMENT  STATION  is  in  Portland,  Oregon. 
The  Station's  mission  is  to  provide  the  scientific  knowledge, 
technology,  and  alternatives  for  management,  use,  and 
protection  of  forest,  range,  and  related  environments  for 
present  and  future  generations.  The  area  of  research  encom- 
passes Alaska,  Washington,  and  Oregon,  with  some  projects 
including  California,  Hawaii,  the  Western  States,  or  the 
Nation.  Project  headquarters  are  at: 


College,  Alaska  Portland,  Oregon 

Juneau,  Alaska  Roseburg,  Oregon 

Bend,  Oregon  Olympia,  Washington 

Corvallis,  Oregon  Seattle,  Washington 

La  Grande,  Oregon  Wenatchee,  Washington 


The  FOREST  SERVICE  of  the  U.S.  Department  of  Agriculture 
is  dedicated  to  the  principle  of  multiple  use  management  of  the 
Nation's  forest  resources  for  sustained  yields  of  wood,  water, 
forage,  wildlife,  and  recreation.  Through  forestry  research, 
cooperation  with  the  States  and  private  forest  owners,  and 
management  of  the  National  Forests  and  National  Grasslands,  it 
strives  —  as  directed  by  Congress  —  to  provide  increasingly 
greater  service  to  a  growing  Nation. 
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